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Abstract 
The present work investigates the dry sliding wear behavior of graphite reinforced aluminum composites produced by the molten 
metal mixing method by means of a pin on disc type wear set up. Dry sliding wear tests were carried out on graphite reinforced 
Metal Matrix Composites (MMCs) and its matrix alloy sliding against a steel counter face. Different contact stresses, 
reinforcement percentages, sliding distances and sliding velocities were selected as control factors and the response selected was 
Wear Volume Loss (WVL) and Coefficient of Friction (COF) to evaluate the dry sliding performance. An L25 orthogonal array 
was employed for the experimental design. Initially empirical relations were deduced for WVL and COF in terms of control 
factors. Further, the optimal combination of the testing parameters was determined for WVL and COF by implementing Taguchi 
method for the experimental studies. Finally Analysis of Variance (ANOVA) was performed to know the impact of individual 
factors on the WVL and COF. The results indicated that the sliding distance for WVL, sliding distance and reinforcement 
percentage for COF was found to be most effective factor among the other control parameters on dry sliding wear. 
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1. Introduction 
 Aluminum Matrix Composites (AMCs) refer to a class of light weight high performance aluminum centric 
material systems. In the present scenario, aluminum is the one of the most popular matrix for the metal matrix 
composites. Predicting composite behavior continues to improve with enhanced scientific understanding and 
modeling capability, allowing much more effective and reliable use of these complex materials [Brain, et al. (2003)]. 
Composite materials offer superior combination of properties in such a manner that presently no existing monolithic 
material can rival. Over the years, several types of composite materials have been used in numerous structural, non-
structural and functional applications in different engineering sectors. The reinforcement in AMCs could be in the 
form of continuous/discontinuous fibers, whisker or particulates, in volume fractions ranging from different 
percentages. Properties of AMCs can be tailored to the demands of different industrial applications by suitable 
combinations of matrix, reinforcement and processing route [Surappa (2003)]. 
 Wear is the progressive loss of material due to relative motion between a surface and the contacting subsurface 
or substances. Wear is one of the most commonly encountered industrial problems, leading to frequent replacement 
of components, particularly due to abrasion. Baker et al. (1997) investigated the wear behavior of Al6061 alloy 
filled with short saffil and mentioned that saffil reinforcement is significant in improving wear resistance of the 
composites. Straffelini et al. (1997) found that the matrix hardness has a strong influence on the dry sliding wear 
behavior of Al2O3 particulate Al6061 MMC. Martin et al. (1999) investigated tribological behavior of Al6061 
reinforced with Al2O3 particles and described that a characteristic physical mechanism exists during the wear 
process. When a sufficiently high load is applied on the contact, the matrix phase is plastically deformed, and the 
strain is partially transferred to the particulates, which are brittle with small failure strains. Szu et al. (1997) 
demonstrated that the effects of applied load and temperature on the dry sliding wear behavior of Al6061 alloy 
matrix composites reinforced with SiC whiskers or SiC particulates and observed that, the wear rate is decreased as 
the applied load is increased. MMCs having SiC of 3.5, 10 and 20 micron size with 15 vol. %, produced by powder 
metallurgy route displayed good wear resistance with increasing particle size in sliding wear [Liang et al. (1995)]. 
The wear resistance of composites and the mechanical properties were improved by incorporating TiB2 particle 
reinforcement in the matrix of the composites. Further the TiB2 particles significantly improved the wear 
performance of Al-Cu alloy [Chaudhary et al. (2005)].  
Kumar and Balasubramanian (2008) developed a mathematical model to evaluate wear rate of AA7075/SiCp 
powder metallurgy composites. The results showed that the volume fraction of reinforcement, sliding speed and 
applied load were directly proportional to wear rate, while particle size of reinforcement and hardness of counterpart 
materials were inversely proportional to wear rate. Modi et al. (2001) showed that the effect of applied load on the 
wear rate of both zinc alloy and the 10 wt. % Al2O3 particle-reinforcement composite using statistical analyses of the 
measured wear rate at different operating conditions. Effect of applied load on the wear rate of composite was found 
to be more severe. Wear behavior of various particle-reinforced aluminium alloy matrix composites was 
investigated experimentally by many investigators [Basavarajappa and Chandramohan (2005); Suresha and Sridhara 
(2010); Metin Kok (2011)]. The desired testing parameters are either determined based on experience or by use of 
hand book for any testing process. However, it does not provide optimal testing parameters for a particular situation. 
In view of this, several mathematical models based on statistical regression techniques were constructed to select the 
proper testing conditions [Prasad et al. (1997); Sahin (2003)]. From the literature it is observed that the effect of 
different parameters and their interaction on wear behavior of MMCs has been studied extensively. Taguchi 
approach for the design of experiments is simple and can be applied for the novice users with the little knowledge of 
statistics. There have been plenty of recent applications of Taguchi approach to various mechanical engineering 
fields for process optimization [Tarng and Yang (1998); Dvivedi and Kumar (2007); Ahmet and Ular (2008); Erol 
Kilckap (2010)]. However application of Taguchi approach for optimization of wear characteristics of aluminum 
composites are highly limited to the best of author’s knowledge.  
The objective of the present work is to investigate the dry sliding wear behavior of graphite particle reinforced 
aluminum composites produced by the widely used molten metal mixing under various testing conditions. 
Mathematical models for Wear Volume Loss (WVL) and Coefficient of Friction (COF) is developed in terms of 
control parameters by a multiple linear regression for the tested materials. Taguchi technique is adopted to 
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determine the optimal dry sliding wear parameters. ANOVA is employed to carry out the effects of testing factors 
on the sliding wear of MMCs. 
2. Experimental procedure 
2.1 Materials 
Commercially available pure aluminum is used as a matrix material. Due to its excellent combination of strength 
and damage tolerance at elevated temperatures, the aluminum alloy is chosen. The graphite particles, which were 
used as a reinforcement to fabricate the composite, had an average size of 50 microns. The graphite particle 
reinforcement varied from 0 to 5 weight percentage with an increment of 1.25. The chemical composition of the 
matrix aluminum alloy is presented in the Table 1. 
Table 1. Chemical composition of aluminum matrix alloy (weight percentage) 
Element Si  Mg Fe  Cu  Zn  Cr  Ni  Ti  Mn  
Content 0.110 0.016 0.338 0.133 0.031 0.012 0.026 0.015 0.004 
2.2 Preparation of composites 
The liquid metallurgy route/technique, which is more economical to fabricate composites with discontinuous 
fiber or reinforcements [Rohatgi, et al. (2004)] is adopted to prepare composite specimens. In the present work, stir 
casting technique is employed to fabricate, which is a liquid state method of composite materials fabrication, in 
which a reinforcement particulates is mixed with a molten metal by means of stirring. Raw aluminum alloy was fed 
into an electrical furnace and heated up to a temperature of 7200C which was above its melting temperature of 
6500C. At this high temperature magnesium ribbons were added into the molten aluminum metal to increase the 
wettability of aluminum metal so that the reinforcement added to metal will get evenly dispersed. A known quantity 
of preheated Graphite reinforcement was added slowly into the furnace crucible. The melt was rotated at a 
convenient speed. After proper stirring for around 10 minutes the liquid composite was transferred to preheated 
metallic moulds. 
2.3 Experimental set up  
A DUCOM TR-20M-106 pin-on disc test apparatus as shown in Fig. 1 is used to investigate the dry sliding wear 
characteristics of the composite as per standards. The wear specimen of 8 mm diameter and 30 mm height was cut 
from as cast samples machined. The end of specimens are polished with abrasive paper of grade 600 and followed 
by grade 1000. The sliding end of the pin and disc surface are cleaned with acetone before testing. The initial weight 
of the specimen was measured in a single pan electronic weighing machine with least count of 0.0001 g. During the 
test the pin was pressed against the counterpart against EN 32 steel disc with hardness of 60 HRC by applying the 
various parameters according to experimental plan. The various control parameters and different levels of each 
control parameter for conducting experiment are shown in Table 2. 
 Table 2. Designed experimental factors and their levels 
Factors Units Symbol Level 1 Level 2 Level 3 Level 4 Level 5 
Contact Stress MPa CS 0.4 0.7 1 1.3 1.6 
Reinforcement 
percentage % RP 0 1.25 2.5 3.75 5 
Sliding distance m SD 300 675 1050 1425 1800 
Sliding velocity m/sec SV 0.5 0.875 1.25 1.625 2 
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Fig.  1. Experimental set up used for conducting dry sliding wear 
3. Taguchi method 
 Taguchi's method for experimental design is straightforward and easy to apply to many engineering applications, 
making it a powerful yet simple tool. The main advantage of Taguchi technique is the use of parameter design, 
which is an engineering method for process design that focuses on determining the parameter settings producing the 
best levels of a quality characteristic with minimum variation. Basically, classical process parameter design is 
complex and not easy to use [Montogomery (1991)]. An advantage of the Taguchi method is that it emphasizes a 
mean performance characteristic value close to the target value rather than a value within certain specification 
limits, thus improving the product quality.  The main limitation of Taguchi method is that the results obtained are 
only relative and do not exactly indicate what parameter has the highest effect on the performance characteristic 
value. Also, since orthogonal arrays do not test all variable combinations, this method should not be used with all 
relationships between all variables. The Taguchi method has been criticized in the literature for its difficulty in 
accounting for interactions between parameters. Another limitation is that the Taguchi methods are offline, and 
therefore inappropriate for a dynamically changing process such as a simulation study. Furthermore, since the 
Taguchi methods deal with designing quality rather than correcting for poor quality, they are applied most 
effectively at early stages of process development. 
. A large number of experiments have to be carried out when the number of the process parameters increases. To 
solve this task, the Taguchi method uses a special design of orthogonal arrays to study the entire process parameter 
space with only a small number of experiments. Using an orthogonal array to design the experiment could help the 
designers to study the influence of multiple controllable factors on the average of quality characteristics and the 
variations in a fast and economic way, while using a Signal to Noise Ratio (SNR) to analyze the experimental data 
could help the designers or the manufacturer to easily find out the optimal parametric combinations. A loss function 
is then defined to calculate the deviation between the experimental value and the desired value. Taguchi 
recommends the use of the loss function to measure the deviation of the quality characteristic from the desired 
value. The value of the overall loss function is further transformed into a SNR. In order to evaluate optimal 
parameter settings, Taguchi method uses a statistical measure of performance called SNR. The SNR takes both the 
mean and the variability into account. The SNR is the ratio of the mean (signal) to the SD (noise). The ratio depends 
on the quality characteristics of the product/process to be optimized. The standard S/N ratios generally used are as 
follows: nominal-is-best (NB), lower-the-better (LB), and higher-the-better (HB). The optimal setting is the 
parameter combination, which has the highest SNR. In this investigation lower-the-better (LB) SNR ratio is 
employed for both WVL and COF response function. 
4.  Results and discussion 
Statistical analysis of the experimental data was carried out in three stages. Mathematical models for WVL and 
COF in terms of control variables were developed in the preliminary stage with the multiple regression technique. In 
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the secondary stage Taguchi technique was applied to the L25 orthogonal array experiments in order to identify the 
optimal values for WVL and COF. Later, statistical ANOVA was performed to observe the parameters which affect 
significantly the dry sliding wear behavior of aluminum composites. Using a Minitab version 14 analysis of the 
influence of each control factors on WVL and COF has been performed with SNR response. Experimental layout 
and their results with calculated SNR for the WVL and COF of the composite are furnished in Table 3. Considering 
the WVL and COF as response variables and the control factors as inputs, it is possible to develop a mathematical 
model expressing the relationship between the output and input. The correlations between the main factors and their 
interactions with WVL and COF of the MMCs were obtained by performing multiple regression analysis. The 
following Eq. (1) and (2) were developed with an R2 of 98.5% and 97.3 % for WVL and COF response variables 
respectively using method of least squares. 
WVL = 14.7 + 32646 CS - 7827 RP + 0.0149 SD - 26135 SV + 21750 CS*CS - 10446 CS*RP + 0.0118 CS*SD - 
34805 CS*SV + 1253 RP*RP + 0.00047 RP*SD + 8353 RP*SV - 0.00371 SD*SV + 13932 SV*SV          (1) 
COF = 0.636 + 65 CS - 15.6 RP - 0.000053 SD - 52 SV + 43 CS*CS - 21 CS*RP - 0.000001 CS*SD - 69 CS*SV + 
2.5 RP*RP + 0.000001 RP*SD + 16.6 RP*SV - 0.000006 SD*SV + 28 SV*SV                (2) 
   Table 3. Experimental results with calculated SNR for WVL and COF of MMCs 
S.No. CS RP SD SV WVL COF SNR-WVL SNR-COF 
1 1 1 1 1 11.804 0.5983 -21.4406 4.46162 
2 2 1 2 2 18.868 0.5662 -25.5145 4.9406 
3 3 1 3 3 27.325 0.5293 -28.7312 5.52596 
4 4 1 4 4 39.997 0.4890 -32.0405 6.21382 
5 5 1 5 5 57.061 0.4645 -35.1268 6.66029 
6 2 2 3 1 37.344 0.5178 -31.4444 5.71676 
7 3 2 4 2 42.009 0.4871 -32.4668 6.24764 
8 4 2 5 3 50.073 0.4620 -33.9921 6.70716 
9 5 2 1 4 11.150 0.5472 -20.9455 5.23708 
10 1 2 2 5 8.131 0.5287 -18.2029 5.53581 
11 3 3 5 1 58.785 0.4227 -35.3853 7.47936 
12 4 3 1 2 15.162 0.5164 -23.6151 5.74028 
13 5 3 2 3 21.526 0.4935 -26.6593 6.13426 
14 1 3 3 4 15.095 0.4781 -23.5767 6.40963 
15 2 3 4 5 24.239 0.4515 -27.6903 6.90684 
16 4 4 2 1 28.778 0.4683 -29.1812 6.58952 
17 5 4 3 2 33.682 0.4475 -30.548 6.98414 
18 1 4 4 3 29.061 0.4283 -29.2662 7.36504 
19 2 4 5 4 37.235 0.4044 -31.419 7.86378 
20 3 4 1 5 8.957 0.4917 -19.0433 6.166 
21 5 5 4 1 51.378 0.4198 -34.2155 7.53915 
22 1 5 5 2 40.897 0.3987 -32.2338 7.98708 
23 2 5 1 3 7.026 0.4818 -16.9342 6.34266 
24 3 5 2 4 9.768 0.4693 -19.7961 6.57099 
25 4 5 3 5 19.373 0.4456 -25.7439 7.0211 
 The adequacy of the models as represented by Eq. (1) and (2) are checked using the normal probability plot of 
residuals for WVL and COF as shown in Fig. 2 and 3. It can be observed that the points are close to the normal 
probability line and thus evidencing the model adequacy. Another way of ascertaining about the models adequacy is 
by plotting the residuals against fitted values of WVL and COF as depicted in Fig. 4 and 5. It can be observed that 
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the points representing the residuals are randomly scattered. Thus, the mathematical models formulated for 
prediction of WVL and COF as represented by Eq. (1) and (2) are adequate. The values of the WVL and COF can 
be predicted by substituting the coded values of the variables in the Eq. 1 and 2 respectively. 
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Fig. 2. Normal probability plot of results for WVL of MMCs 
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Fig. 3. Normal probability plot of results for COF of MMCs 
 The SNR response table of the test process for WVL and COF is shown in Table 4 and 5. It shows the SNR at 
each level of the control factor and variation in SNR with change of each control factor for various levels. By taking 
the difference between the values, control factor with the highest influence is determined. Higher the difference 
more is the influence of control factor. Table 4 depicts that highest influence on WVL was exerted by SD followed 
by SV, CS and RP whereas; from Table 5 it can be noted that the highest influence on COF was exerted SD 
followed by RP, CS and SV respectively. 
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Fig. 4. Plot of residuals against fitted values for WVL of MMCs 
Fitted Value
R
es
id
ua
l
0.600.550.500.450.40
0.010
0.005
0.000
-0.005
-0.010
 
Fig. 5. Plot of residuals against fitted values for COF of MMCs 
 Fig. 6 and 7 shows the main effects plots for the WVL and COF of the MMCs for SNR mean values. It can be 
observed form Fig. 6 and 7 that the greater the SNR, smaller is the variance of the WVL around a desired value. It 
can also be observed that the optimal testing conditions of the control factors can easily be determined. The plot 
shows the change in SNR when the setting of the control factor was changed form one level to other. The best WVL 
value is found to be at higher SNR value.  From Fig. 6 and 7 it can also be seen for tested samples the optimum 
condition for WVL becomes CS1, RP5, SD1 and SV5 whereas for COF the optimum conditions observed are CS5, 
RP5, SD5 and SV4 for main control factors respectively. 
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Table 4. SNR table for WVL of MMCs (smaller is better) 
Level CS RP SD SV 
1 -24.94 -28.57 -20.4 -30.33 
2 -26.6 -27.41 -23.87 -28.88 
3 -27.08 -27.39 -28.01 -27.12 
4 -28.91 -27.89 -31.14 -25.56 
5 -29.5 -25.78 -33.63 -25.16 
Delta 4.55 2.79 13.24 5.17 
Rank 3 4 1 2 
Table 5. SNR table for COF of MMCs (smaller is better) 
Level CS RP SD SV 
1 6.352 5.56 5.59 6.357 
2 6.354 5.889 5.954 6.380 
3 6.398 6.534 6.332 6.415 
4 6.454 6.994 6.854 6.459 
5 6.511 7.092 7.340 6.458 
Delta 0.159 1.532 1.750 0.102 
Rank 3 2 1 4 
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Fig. 6. Main effects plots for SNR means of WVL 
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Fig. 7. Main effects plots for SNR means of COF 
In order to investigate the significantly affecting parameters the quality, ANOVA of data was performed for 
analyzing the influence of contact stress, reinforcement percentage, sliding distance and sliding velocity on the total 
variance of the results. In addition, the Fisher’s F-test can also be used to determine the parameters which have a 
significant effect on the response variable when F is large. The results of ANOVA for WVL and COF of MMCs are 
shown in Table 6 and 7. The last column of the tables indicates the percentage contribution of each factor on the 
total variation, thus indicating the degree of influence on the tested result. From the analysis of Table 6, it can be 
observed that the sliding distance (74.65 %), contact stress (9.19%) and sliding velocity (10.29%) influence the 
WVL, whereas the reinforcement percentage had very less influence (1.33%). Especially the sliding distance has 
greater influence when compared to rest of the factors. From Table7, it can be depicted that sliding distance (49.56 
%), reinforcement percentage (45.59%) influence the COF, whereas the contact stress (0.85%) and sliding velocity 
(0.46%) had very less influence on the COF. The factors present a physical significance when percentage of 
contribution is smaller than the error associated. From the ANOVA results (Table 6 and 7), it is clear that the error 
associated is approximately 4.51% and 3.54% for WVL and COF respectively. Hence in this study, it is found that 
SD, SV and CS control factors had physical significant effect on the WVL, whereas SD and RP had physical 
significant effect on the COF respectively. 
Table 6. Results of the ANOVA for WVL of  MMCs 
Predictor Seq SS DF Variance F- Calculated % Contribution 
CS 566.40 4 141.6 4.068966 9.1950 
RP 82.50 4 20.625 0.592672 1.3393 
SD 4598.70 4 1149.675 33.03664 74.6554 
SV 633.90 4 158.475 4.553879 10.2908 
Error 278.40 8 34.8  4.5196 
Total 6159.90 24   100.0000 
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Table 7. Results of the ANOVA for COF of MMCs 
Predictor Seq SS DF Variance F- Calculated % Contibution 
CS 0.0005090 4 0.00012725 0.4818 0.85 
RP 0.0272280 4 0.00680700 25.7714 45.59 
SD 0.0295970 4 0.00739925 28.0137 49.56 
SV 0.0002770 4 0.00006925 0.2622 0.46 
Error 0.0021130 8 0.00026413  3.54 
Total 0.0597250 24   100.00 
 
 Confirmation test has been carried out at optimum conditions to determine the WVL and COF values. Based on 
the results it was noticed that values of 6.926 and 0.3972 are observed for WVL and COF respectively. Fig. 8 
exhibits the micrograph of the worn surface of 5% graphite reinforced MMC pin after sliding distance of 300 m at a 
contact stress of 0.4  MPa and sliding velocity 2 m/sec. Small damaged spots have been observed on the Graphite 
reinforced MMC pin in the form of plates at the worn out surface. The reduction in amount of wear volume loss of 
graphite MMC may be caused due to fact that graphite is used as a solid lubricant. The graphite lubrication film 
becomes denser and thicker due to increased content which covers the most of the worn surface uniformly. This 
layer might effectively reduce the amount of wear volume loss. 
 
 
 
 
 
 
 
 
 
 
Fig. 8 SEM image of worn out pin at optimum conditions 
5. Conclusions 
Dry sliding experiments are conducted on aluminum MMCs with combined reinforcement of graphite 
particulates up to 5% reinforcement with an increment of 1.25% using pin on disc experimental set up. Based on the 
experimental results the following conclusions are drawn. 
x The Taguchi method for the design of the experiments is successfully adopted to describe the dry sliding 
wear behavior of aluminum composites. Empirical linear regression equations are developed with R2 of 
98.5% and 97.3 % for predicting the wear volume loss and coefficient of friction respectively within 
selected experimental conditions. 
x The optimum conditions for wear volume loss of MMCs tested are observed at 0.4 MPa contact stress, 5 wt 
% reinforcement, 300 m sliding distance and 2 m/s sliding velocity where as 1.6 MPa contact stress, 5 wt % 
reinforcement, 1800 m sliding distance and 0.5 m/s sliding velocity values are observed as optimum values 
for coefficient of friction. 
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x Based on the ANOVA results, it is observed that the sliding distance (74.65 %) has highest significant effect 
on wear volume loss followed by sliding velocity (11.37%), contact stress (9.19%) and reinforcement 
percentage (1.33 %). Whereas sliding distance (49.56 %), reinforcement percentage (45.59%), contact stress 
(0.85%) and sliding velocity (0.46%) has significant influence on coefficient of friction respectively. 
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